Acclimatized anaerobic communities to high ammonia levels can offer a solution to the ammonia toxicity problem in biogas reactors. In the current study, a stepwise acclimation strategy up to 10 g NH 4 + -N L -1 , was performed in mesophilic (37±1°C)
Introduction
Anaerobic digestion (AD) is a sustainable technology that can produce biogas and nutrient-rich bio-fertilizer from a broad variety of residual biomass (e.g. agricultural waste, food waste and sewage sludge) (Karim et al., 2005) . AD is a complex biological process, which comprises four main steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis, with a variety of microorganisms mediating each step. Acetate is the main precursor of methane production which follows two major methanogenic pathways: a) aceticlastic pathway and b) hydrogenotrophic pathway (syntrophic acetate oxidation (SAO) coupled with hydrogenotrophic methanogenesis). Aceticlastic pathway is mediated by Methanosarcinaceae spp. and Methanosaetaceae spp., while
Methanomicrobiales spp., Methanobacteriales spp., Methanococcales spp.,
Methanopyrales spp. and Methanocellales spp. mediate the hydrogenotrophic partway (Lyu & Lu, 2015) . Furthermore, there is also evidence showing that some members of Methanosarcinaceae spp. can perform both aceticlastic and hydrogenotrophic pathways (Liu & Whitman, 2008) .
Many compounds (e.g. ammonia, sulphide, light metal ions, heavy metals, organics etc.) can affect the AD microbial community, cause reactor instability with low methane yield. Ammonia is the major toxicant of the commercial AD reactors and usually derives from the degradation of urea and protein-rich substrates, such as slaughterhouse wastewater and food waste etc. Latterly, microalgae, a 3 rd generation biomass, has been considered as biomass for biogas production, because it does not compete with food supply and has a high methane potential. However, the use of protein-rich microalgae as AD substrate has been proven to be very difficult due to its high nitrogen content (Maity et al., 2014) . Total ammonia (TAN) is presented as ammonium ion (NH 4 + ) and free ammonia (NH 3 , FAN) depending on the pH and temperature of the aqueous phase. FAN is believed to be the most toxic form of TAN due to its high permeability into cell membrane (Massé et al., 2014) . Different inhibition thresholds were reviewed in literature (Yenigün & Demirel, 2013) . However, it is generally accepted nowadays that TAN and FAN loads above 3 g NH 4 + -N L -1 and 0.15 g NH 3 -N L -1 can inhibit AD process and lower the potential methane yield of AD reactors (Nielsen & Angelidaki, 2008; Yenigün & Demirel, 2013) .
To solve the ammonia problem, many solutions have been proposed in recent years. However, many of these methods are technically complex connected with high operational costs leading to limited applicability. Acclimation of microbial consortia to high ammonia levels could provide a practical and cost-effective method to digest protein-rich substrates (Yenigün & Demirel, 2013) . A large number of investigations has demonstrated that methanogenic inocula have a high ammonia adaptation potential (Koster & Lettinga, 1988; Parkin et al., 1983) . Additionally, a recent research showed that fast and efficient acclimatization of anaerobic consortia to high ammonia levels is possible in batch and fed-batch reactors (Tian et al., 2017 Therefore, the main aim of the present study was to use, for the first time, CSTR reactors fed with protein-rich microalgae (3 rd generation biomass) as the main substrate, to successfully acclimatize methanogenic consortia to extremely high ammonia levels (> 7 g NH 4 + -N L -1 ) overcoming the microbial washout effect. An additional aim was to reveal the effect of the ammonia acclimation process in the continuous reactors on the AD microbiome dynamics using next generation 16S rRNA gene sequencing.
Material and methods

Inoculum and feedstock
The inoculum derived from a full-scale mesophilic (37±1°C) biogas plant (Hashøj, Denmark), fed with 70-90% animal manure and 10-30% food industrial organic waste.
Two substrates were used in this study: cattle slurry and microalgae Chlorella vulgaris. used as ammonia source.
Experimental setup
Two lab-scale mesophilic (37±1°C) CSTR reactors were used in this study (R1 and R2) as duplicate. Each reactor had a 2.3 and 1.8 L total and working volume, respectively, and was equipped with an influent and an effluent bottle, a feeding peristaltic pump, an electrical heating jacket, a water displacement gas meter and two magnetic stirrers. Both reactors were operating with a hydraulic retention time (HRT) of 23 days throughout the experiment. Cattle manure was used during the start-up period of the reactors until a steady state (defined by the variation of the methane yield less than 10% for at least ten consecutive days) occurred (data shown by Mahdy et al.
(2017)). The main experiment was divided into four different phases ( Table 2) concentration inside the reactors, while nitrogen was used as carrier gas.
Microbial analyses
Triplicate samples were taken at the end of each phase to identify the microbial dynamics. After an extra cleaning step with Phenol: Chloroform: Isoamyl Alcohol (25: 
Calculations and statistics
The FAN concentration was calculated by the following equation:
Where K a is the dissociation constant, which equals to 1.29 × 10 -9 at mesophilic condition. All statistical analyses and the plotted data of the reactor performance (methane yield, pH and VFA variation) were made using the OriginLab program (OriginLab Corporation, Northampton, Massachusetts). One-way ANOVA was used to evaluate the statistically significant differences (p<0.05) of the reactor performance.
STAMP software was used to identify the OTUs with significant changes in relative abundance of different samples (Parks & Beiko, 2010 ).
Results and discussion
Reactor performance
During P1, an average methane yield of 338 ± 14 and 338 ± 16 NmL CH 4 g -1 VS under steady state was observed for R1 and R2, respectively (Fig. 1a) , which was used as the baseline to evaluate any instability during the acclimation process (P2-4). The methane production for both reactors was mostly stable throughout the ammonia acclimation period; only R1 had two brief periods (during P3 and P4) with statistically (p<0.05) lower methane production compared to baseline (P1) but in both cases, it recovered in less than half HRT. Thus, an average methane yield of 322 ± 37 and 327 ± 17 NmL CH 4 g -1 VS was achieved for R1 and R2, respectively, throughout the acclimation period (P2-4), which were above 95% of the methane yields during the baseline period (P1). By contrast, previous studies have reported inhibition in continuous reactors exposed to ammonia concentrations above 5 g NH 4 + -N L -1 (Yenigün & Demirel, 2013) . Additionally, another modelling study even defined 10 g (Fig. 1c) , which was within the normal range (6.5-8.5) for AD process.
Therefore, all the reactor performance parameters denote a stable and efficient acclimation process to extremely high ammonia levels. This process stability could be attributed to two basic reasons. First, even though TAN levels were increased 1.6-folds to 10 g NH 4 + -N L -1 , the FAN levels were stable (800-850 mg NH 3 -N L -1 , E-supplement file) throughout the experiment due to the lower pH along with the ammonia increase ( Fig. 1c) . This supports the hypothesis expressed by many researchers that FAN is the major toxic form of ammonia (Massé et al., 2014) . Second, it has been reported that trace elements were crucial to the growth of microbes and also required for efficient anaerobic digestion at high ammonia levels; especially for the interspecies electron the current study, using protein-rich microalgae as primary substrate, has shown for the first time that a successful continuous AD acclimation process to extremely high ammonia levels is possible.
Microbial community dynamics
Alpha diversity ( Fig. 2a ) based on Chao 1 bias-corrected index, decreased alongside with the increase of ammonia levels in both reactors. This indicates that only some of the initial microbiome members survived at higher ammonia toxicity levels and thus a more narrowed and specialized AD community was formed. Beta diversity ( Fig. 2b and 
Microbiome composition
The vast majority of AD microbial community throughout the whole experiment was composed by bacteria (98% of relative abundance on average). Proteobacteria (30%-40%), Firmicutes (20%-30%), followed by Bacteroidetes and WWE1 (both 3%-10%), were the most dominant phyla, as can be seen from the E-supplement file, in agreement with previous study (De Vrieze et al., 2015) . Alphaproteobacteria and Clostridia were the most abundant classes, while Rhizobiales, Clostridiales and the uncultured MBA08 were predominant at order level.
The first and second most abundant bacterial OTUs (an average abundance of 22.09% and 6.50%, respectively) belonged to Rhizobiaceae family. However, both OTUs showed no significant change of relative abundance during this acclimation process ( Fig.   3 ). By performing a BLASTN search, the best matches for the two OTUs were identified with 100% identity to Shinella spp. and Rhizobium kunmingense, respectively. Among the highly abundant bacteria, 27 and 25 OTUs for R1 and R2, respectively, changed significantly from P1 to P4 (Fig. 4) , indicating a sensibility of these microbes in respect to ammonia. Regarding microbes that seem favoured, 4 Clostridia, Wohlfahrtiimonas sp. 11 and Cloacamonae sp. 26 were the OTUs that significantly increased in relative abundance. Specifically, Clostridium sp. 13 was the most interesting bacterium, increasing by 37 and 60 folds (0.1% in P1 to 3.7%-6.0% in P4, Fig. 3 ) for R1 and R2, respectively, and was found to be 95% similar to an isolated SAOB Clostridium ultunense (Schnürer, 1996) . This result was in accordance with previous studies (Westerholm et al., 2011) , which found C. ultunense increased significantly under elevated ammonia levels. It is known that SAOB are always coupled with hydrogen utilization methanogens (Hattori, 2008) , thus the increased abundance of C. ultunense indicated a significant hydrogenotrophic methanogenic activity. Another noteworthy result was that order MBA08 (consisted of Clostridia sp. 5, Clostridia sp. 7, Clostridia sp. 10 and Clostridia sp. 16), increased from 9.3% to 12.5%. MBA08 was found in mesophilic AD processes with increased ammonia levels (Müller et al., 2016) , Since SAOB abundance increased significantly alongside with Methanosarcina spp.
during this acclimation process ( Fig. 3) , there is the possibility that some of the 
Conclusions
The stepwise acclimation strategy used in the present study showcases the potential of utilizing protein-rich microalgae ( 
Figure Captions
